Although variation in photovoltaic (PV) performance is predominantly influenced by clouds, performance variations also exist for days with clear skies with different amounts of atmospheric constituents that absorb and reflect different amounts of radiation as it passes through the Earth's atmosphere. The extent of the attenuation is determined by the mass of air and the amounts of water vapor, aerosols, and ozone that constitute the atmosphere for a particular day and location.
INTRODUCTION
The ability to accurately determine the performance of a photovoltaic (PV) system is important for meeting contractual obligations of buyers and sellers, and for determining changes in performance that have occurred over time. Additionally, the same techniques may be incorporated into improved PV performance models for more accurate predictions of energy yield.
Clouds primarily influence the performance variability of PV systems, but variations also exist for days with clear skies with different amounts of atmospheric constituents that absorb and reflect different amounts of radiation as it passes through the Earth's atmosphere. The extent of the attenuation is determined by the mass of air and the amounts of water vapor, aerosols, and ozone that constitute the atmosphere for a particular day and location.
Because these constituents selectively absorb radiation of particular wavelengths, their impact on PV performance is sensitive to the spectral response of the PV device. Although the impacts are generally small, they may exhibit seasonal or geographic trends that increase variability in PV performance measurements from season to season, by location, or, in some instances, from day to day.
The impact of variations in atmosphere was assessed by calculating the spectral mismatch correction for summer, fall, and winter days with clear skies at the National Renewable Energy Laboratory (NREL) and applying the spectral mismatch correction, along with corrections for angle-of-incidence effects and PV module temperature, to the measured daily efficiencies of single-crystal Si, a-Si/aSi/a-Si:Ge, CdTe, and CIGS PV modules. Daily efficiencies were judged a more suitable metric than peak power because: 1) they are more indicative of the energy produced over a range of irradiances; 2) summing the measured irradiances for a daily total reduces the uncertainty of the irradiance; and 3), some of the spectral model inputs, such as aerosol optical depth, precipitable water vapor, and ozone, are more readily available as daily values.
SPECTRAL MISMATCH CORRECTION
The approach for accounting for spectral variations was to model the solar spectrum, and to use it with the PV module's spectral response to calculate and apply a spectral mismatch correction, similar to principles developed by Osterwald [1] for translating device performance to reference conditions. The Simple Model of the Atmospheric Radiative Transfer of Sunshine Version 2 (SMARTS) [2] was used to model spectral irradiance for calculating the spectral mismatch correction. Developed by Gueymard, SMARTS provides direct normal, global and diffuse horizontal, and global tilted spectral irradiances for clear skies and for 2,002 wavelengths from 280 to 4,000 nm [3] . It has been shown to be as accurate as more complex models such as the U.S. Air Force's MODTRAN [4] . This work uses SMARTS Version 2.9.5. An earlier Version 2.9.2 was used to develop the G173-03 reference solar spectral irradiances [5] .
The general form of the spectral mismatch correction M is represented by Eqn. 1. A value of M = 1.0 indicates that there is no spectral mismatch with regard to the reference spectrum. A value greater than one indicates that the spectral distribution of the incident radiation for the device being tested is more favorable than if the incident radiation were the reference spectral condition; consequently, the PV performance is increased proportionally (the converse applies for values less than one). 
, (1) 
where:
For applying a spectral correction to the daily summation of the plane-of-array irradiance, Eqn. 3 provides an expression for the daily spectral mismatch correction Md.
n = number of data values for the day.
CLEAR-SKY DAYS AT NREL
To represent days with clear skies and for a range of solar geometries encompassing seasonal variations for NREL's location, we selected summer, fall, and winter days for analysis. The longitude and latitude for NREL is W105.18° and N39.74°, and the elevation is1,829 meters. Days were selected by examining daily profiles of direct normal and plane-of-array solar radiation and choosing days exhibiting smooth sinusoidal-shaped solar radiation profiles without vertical perturbations indicating the presence of clouds.
Because of the local climate and weather, more clear days were present in September than in the other months evaluated (June, July, December, and January). Although December was evaluated, no clear-sky days were present; consequently, winter solar geometry and conditions are represented by the two clear-sky days in January.
The selected clear-sky days at NREL are listed in Table 1 , which also includes the average meteorological conditions for each day used for input parameters for the SMARTS model. Atmospheric pressure (p) was measured at NREL; precipitable water vapor (w) and aerosol optical depth at 500 nm (τa5) data are from the AERONET station in nearby Boulder, CO [6] ; and ozone (O3) data are from NASA's total ozone mapping project [7] . 
SPECTRAL MISMATCH SENSITIVITY
An analysis was performed to examine the sensitivity of the daily spectral mismatch correction of the four PV technologies (single-crystal Si, a-Si/a-Si/a-Si:Ge, CdTe, and CIGS) to changes in season and for the variations in meteorological conditions of Table 1 . As a reference, daily spectral mismatch corrections were calculated using SMARTS modeled spectra for the fall equinox (September 22, 2010) for PV modules oriented south and tilted from the horizontal at an angle equal to the latitude. Spectra were modeled for every 5 minutes of the day. Meteorological inputs to SMARTS were the September averages of the meteorological data from Table 1 .
The reference results are shown as the second column in Table 2 . For the single-crystalline silicon, CdTe, and CIGS PV modules, the daily spectral mismatch correction values indicate that PV performance is about 1% less than if the spectral irradiance distribution matched the G173-03 reference spectrum. For the a-Si/a-Si/a-Si:Ge PV module, PV performance is increased about 2%. The remaining columns show the percentage change in solar radiation and daily spectral mismatch corrections as model inputs are singularly changed from the values in the second column. The model input values were changed to include the summer and winter solstice, and the minimums and maximums of the meteorological data from Table 1 .
For the summer solstice (June 21) model runs, the other meteorological inputs were left unchanged to show the effects of the reduced path length through the atmosphere or air mass. This shows a slight benefit for the CdTe PV module, with its daily spectral mismatch correction increased by 0.6%. The other module mismatch corrections are reduced, up to 2% for the crystalline silicon PV module.
For the winter solstice (December 21) model runs, the air mass is increased. This is beneficial for the CIGS PV module (+1.7%) and the crystalline silicon PV module (+3.1%), whereas the daily spectral mismatch correction is decreased for the CdTe PV module (-1.6%) and the aSi/a-Si/a-Si:Ge PV module (-10.8%).
Varying the meteorological conditions to reflect the minimums and maximums from Table 1 yielded essentially no change in daily spectral mismatch corrections over the range of pressures encountered, and only slight changes when changing ozone amounts (-0.3% for the a-Si/a-Si/aSi:Ge PV module). Varying aerosol amounts yielded somewhat greater change in daily spectral mismatch corrections (-0.5% to 0.3%). Largest changes in spectral mismatch corrections resulted from changing precipitable water vapor. The minimum precipitable water vapor value decreased the spectral mismatch correction (-0.9% to -3.5%) and the maximum precipitable water vapor value increased the spectral mismatch correction (+0.4% to +2.5%). The CdTe and a-Si/a-Si/a-Si:Ge PV modules are more sensitive to changes in precipitable water vapor than the other PV modules.
Although Table 2 treats parameters that influence spectral irradiance independently, in nature, parameters may exhibit dependency. For example, in winter, the amounts of aerosol and water vapor are decreased. Consequently, we can expect in practice that the crystalline silicon and CIGS PV modules will have a somewhat less beneficial spectral correction in winter than shown in the Table 2 because the advantage of increased air mass is offset somewhat by the disadvantage of lower aerosol and water vapor amounts.
VALIDATION WITH PV PERFORMANCE DATA
The method of using a daily spectral mismatch correction to account for variations in meteorological conditions was validated using PV module performance data at NREL for the summer, fall, and winter days with clear skies. The validation metric was the standard deviation of daily efficiencies for single-crystal Si, a-Si/a-Si/a-Si:Ge, CdTe, and CIGS PV modules after correcting for spectral mismatch, temperature, and angle-of-incidence effects.
PV Performance Data
NREL's Performance and Energy Rating Test bed (PERT) provided the PV performance data. The data include current-voltage (I-V) curves measured at 15-min intervals with coincident measurements of POA irradiance and PV module back-surface temperatures. PV cell temperatures were estimated by adding 3.0°C per 1000 W/m 2 irradiance to the PV module back-surface temperature [8] .
Daily Efficiency
For each of the days with clear skies, the daily efficiency, η, was calculated for each PV module using Eqn. 4.
Temperature Correction
The Standard Reporting Condition (SRC) temperature is a PV module cell temperature of 25°C. This temperature is recognized as not being representative of the operating temperatures of most PV systems. A temperature more representative of actual field operation is the irradianceweighted cell temperature, Tiw, defined by Eqn. 5.
T = PV module cell temperature, °C.
Using data for all the days with clear skies in September, Eqn. 5 was used to calculate an irradiance-weighted Reporting Condition (RC) temperature, Trc, for each PV module.
Temperature coefficients, when expressed in units of per °C, are normalized by the parameter value at the rating condition. If the reporting condition temperature is changed, the temperature coefficient is also changed because the parameter value at the new reporting condition changes. Equation 6 provides the relationship between the temperature coefficient of power at reporting conditions (γrc) and that at SRC (γ0). Zero subscripts denote SRC. Table 3 provides the irradiance-weighted RC temperatures for each PV module, and their temperature coefficient of power at both the SRC and RC. 
Tiw = Irradiance-weighted temperature for the day, from Eqn. 5, °C.
Angle-of-Incidence Correction
The angle-of-incidence (AOI) correction accounts for increased reflection losses when the incident angle of the solar radiation impinging the module surface increases. A correction by Sjerps-Koomen et al. [9] based on Fresnel equations for an air/glass interface was used to calculate a derate factor, FAOI, which provides the useable fraction of the daily POA irradiance not lost to AOI effects.
where: 
Spectral Correction
Daily efficiencies are corrected for spectral variation using the daily spectral mismatch correction Md from Eqn. 3.
Equation 10 provides a daily efficiency, ηTAM, with temperature, AOI, and spectral mismatch corrections.
An alternative for applying spectral corrections is the Sandia method [8] , which uses an empirically based correction factor based on air mass, with polynomial coefficients that are determined using one or more days of outdoor performance measurements. This approach was included to show benefits and limitations of the two approaches. Daily efficiencies corrected for temperature, AOI, and spectral variation using the Sandia air-mass correction factor are identified as ηTAS. Table 4 lists the daily efficiencies, with and without corrections for temperature, AOI, and spectral variations. Daily efficiencies are normalized by the uncorrected average efficiency calculated for all days in September with clear days. This more readily shows relative differences and improvements of corrective methods. A smaller standard deviation indicates that a method provides a more consistent result and better accounts for daily and seasonal variations. Figures 1 through 4 provide graphic representations of the results in Table 4 .
Results and Summary
The daily efficiencies that were corrected for temperature, AOI, and spectral mismatch (ηTAM) yielded the smallest standard deviation, from 0.004 to 0.010. The use of the air-mass correction (ηTAS) increased the standard deviation for the CdTe and a-Si/a-Si/a-Si:Ge PV modules. In fact, the results were worse than when no corrections were applied (η). This result is supported by the modeling sensitivity analysis, where the CdTe and a-Si/a-Si/a-Si:Ge spectral mismatches were shown to be sensitive to water vapor amounts, which the air-mass correction does not address.
The CIGS PV module showed the least sensitivity to spectral variations. The standard deviation for the method correcting for only temperature and AOI was low, and the additional benefit of correcting for spectral mismatch was small. This is consistent with the expectation that technologies responsive to solar radiation over a greater range of wavelengths are less sensitive to variations in the solar spectrum.
Although the corrective methods in this work were applied to daily efficiencies of PV modules, they may also be applicable to the performance ratio for PV systems, a similar and dimensionless metric; consequently, this could result in improved methods for acceptance testing and verifying the performance of PV systems. 
